ABSTRACT: The ability to determine the age of individual humpback whales Megaptera novaeangliae and estimate population age distributions is fundamental to assessments of status and long-term viability. Existing methods of ageing large whales rely either on limited longitudinal sighting studies of individual whales from their year of birth, or on post-mortem procedures to extract tissues suitable for determining age. Here we describe a potential method for ageing live free-ranging humpback whales using low-impact biopsy sampling techniques. Shallow outer-blubber samples were obtained from known-age whales from 2 distinct populations (North Atlantic, Gulf of Maine, n = 39; North Pacific, Southeast Alaska, n = 31), and analyzed for their fatty acid (FA) compositions. Multilinear FAage models were derived for these known-age whales, and serve as the basis from which the age of unknown-age whales can be estimated. Four FA-age models were developed; one for each humpback population analyzed separately, and an additional 2 by combining both populations into a single dataset and deriving models based on 'exact' and 'exact' plus 'minimum' known-age whales independently. Each of these empirical models was based on a linear combination of 2 FA ratios rather than individual FA compositions, and shown to be largely independent of sex, diet and nutritional status. Although the precision (σ) of these models was somewhat variable (ranging between 3.1 and 5.3 yr for the specific populations modeled), the results suggest that it may be possible to estimate the age of individual humpback whales from any population with better than decadal resolution using this approach.
INTRODUCTION
Knowledge about the age of an individual animal within a population as well as the age structure of the entire population to which it belongs are both important elements for studies on cetacean population dynamics, behavior, feeding ecology and health assessment. A number of methods have been developed to estimate the age of individual cetaceans using samples obtained during capture operations or necropsies, with varying degrees of success. Counting growth layer groups (GLGs) in dentine is a frequently used method to age odontocetes (Hohn et al. 1989 , Ferrero & Walker 1999 ; however age estimations derived from this method may be biased depending upon tooth preparation (staining vs. non-staining) (Hohn & Fernandez 1999) . The age of mysticetes has most commonly been determined by counting ear plug GLGs, although some species, such as bowhead whales, have unreadable laminae. For species with readable laminae, determining the rate of GLG deposition has been problematic (Bannister et al. 2000) , in part due to juveniles' irregular GLG formation, thought to be due to their irregular nutritional and migratory habits (Lockyer 1972) . Examining growth layers in baleen has also historically been used to estimate the age of individuals; however this method is only useful for ageing younger whales due to the confounding effects of baleen erosion and increasing age (Ichihara 1966) . A more recent method using aspartic acid racemization of the eye lens has been employed to estimate the ages of minke whales Balaenoptera acutorostrata and bowhead whales Balaena mysticetus (George et al. 1999 , Olsen & Sunde 2002 , although the results typically have wide confidence intervals.
Technological advances have allowed for the development of new methods to estimate the age of living cetaceans using relatively benign sampling procedures such as biopsy sampling. This technique (Winn et al. 1973 , Lambertsen 1987 ) is already widely used to obtain tissues for genetics and other research on freeranging whales, and is thought to have no adverse effects on the whales (Brown et al. 1991 , Weinrich et al. 1992 , Clapham & Mattila 1993 , Gauthier & Sears 1999 . For example, using tissues obtained from free-ranging humpback whales Megaptera novaeangliae and bottlenose dolphins Tursiops truncatus from well-studied populations, techniques are currently being developed to assign individual whales to general age classes (as well as to an estimated age), by examining the length of short, repeated sequences of DNA (telomeres) (Dennis 2006) . Photo-identification studies offer valuable life-history data on populations of living whales that have been repeatedly sighted over time, but here the exact age is known only for animals that have been identified and photographed since the year of their birth. Age data obtained from longitudinal sighting studies can help 'ground truth' the results of newer cetacean ageing techniques. Using a similar groundtruthing method, Herman et al. (2008) described a new method that predicts the numerical ages of eastern North Pacific killer whales Orcinus orca using a simple, multilinear model derived from the combination of 2 specific fatty acid (FA) ratios measured in the outer layer of blubber. Prior to that study, all marine mammal FA-Age relationships noted in the literature were either essentially qualitative in nature (Møller 1999) , or in some rare instances allowed approximate ages to be estimated for juveniles. For example, very short-chain fatty acids (i.e. isovaleric acid) present in the outer thorax blubber tissues of several cetacean species were shown to increase with body length, and generally increased with known age in the specific case of juvenile and young adult male harbor porpoises (Koopman et al. 1996 (Koopman et al. , 2003 . In the future, novel ageing techniques such as these may provide age data for live cetaceans from other, less well-studied populations.
Humpback whale are migratory baleen whales that feed at mid-to high-latitudes, whilst fasting in lowlatitude waters during their winter breeding season (Baraff et al. 1991 , Dawbin 1966 . Individuals in this species can be differentiated by their natural markings, particularly the shape and ventral pigmentation pattern of the flukes (Katona et al. 1979 ). Photo-identification research has been carried out in a small number of humpback whale populations since the 1970s, and the sightings and demographic data accumulated on individuals have been the basis of numerous studies of humpback whale biology and population dynamics (Hammond et al. 1990 , Straley et al. 2009 ). In these long-term studies, some individuals have been sighted over intervals of up to 37 yr; however, long-term photoidentification research is costly to maintain, and is not feasible for all populations. Even in well-studied populations, age data are not available for all individuals, and the span of research has yet to match the possible longevity of this species.
In the current study, tissue samples from distinct populations of known-age humpback whales were analyzed for outer-blubber FA compositions. Populations studied came from the western North Atlantic (Gulf of Maine and West Indies), and the North Pacific (Southeast Alaska and Hawaii). Four empirical FA-age multilinear models were then derived, and each will be shown to be sufficiently robust in several important respects to be quantitatively useful. Most importantly, these preliminary results suggest that developing empirical models from the blubber FA compositions of humpback whales can provide a relatively benign, non-lethal method from which the numerical ages of unknown-age whales can be estimated, similar to that previously demonstrated for eastern North Pacific killer whales (Herman et al. 2008) . Because the FA-age relationships described herein for the humpback whale are entirely empirical in nature, the underlying biochemical mechanisms responsible for the apparent relationships between specific FAs (or FA ratios) with known age remain unknown at present; they are therefore beyond the scope of this study.
MATERIALS AND METHODS
Humpback whales sampled. Blubber biopsy samples (n = 67) as well as a small number of blubber necropsy samples (n = 3) were collected from humpback whales of known age (exact or minimum) from both the western North Atlantic and the eastern and central North Pacific oceans. These samples represent a small subset of known-age animals from among a relatively large number of blubber biopsy samples that have been collected from each of these 2 populations between the summer of 2001 and fall of 2007; biopsy samples were collected in support of genetic and contaminant exposure studies conducted at the Provincetown Center for Coastal Studies, and for the Structure of Populations, Levels of Abundance, and Status of Humpbacks (SPLASH) projects respectively. The locations where each of these samples was acquired is shown in Fig. 1 ; 39 samples were collected from the North Atlantic, and 31 collected from the North Pacific. Details of these sampling efforts are provided below, and key sampling and demographic information associated with each sample is shown in Table 1 .
Samples collected from the western North Atlantic were from members of a distinct population whose 279 Fig. 1 . Sampling locations within the western North Atlantic and eastern North Pacific oceans for the 70 known-age humpback whale blubber biopsy and necropsy samples collected and analyzed for fatty acids in this study. Samples from the Gulf of Maine (GOM) population were collected from whales on both their feeding grounds within the Gulf and on their winter mating grounds in the West Indies. Individuals identified as GOM-U, GOM-H, and GOM-S represent groupings of whales observed to have distinct location-dependent prey specializations. Abbreviations: H = presumed herring preference, S = presumed sandlance preference; U = unknown prey preference. Samples from the Southeast Alaska (SEAK) population were also collected from whales on both their feeding grounds in primarily the interior waters of Southeast Alaska and on their winter mating grounds near Hawaii Table 1 , duplicate samples were acquired from 4 individual whales that were re-sampled over periods ranging from 1 d to 3.3 yr (n = 8).
Humpback whale blubber samples were also collected from a central stock of North Pacific humpback whales (n = 31). Specifically, samples were taken from individuals that feed in the inland and outer coastal waters of Southeast Alaska (SEAK) before migrating to the Hawaiian Islands in winter during the breeding season, which is a period of fasting (with only very few exceptions). A total of 28 samples were collected from whales in the spring and summer SEAK feeding grounds, and 3 samples were collected during winter in the Hawaiian Islands (but from whales known to be members of the SEAK population).
In all study areas, skin and shallow blubber samples were collected from live, free-ranging whales by biopsy sampling techniques. Samples were obtained from the lateral flank of the whale using a small (8 × 40 mm or 5 × 32 mm) stainless steel biopsy dart tip, fired from either a crossbow (Palsbøll et al. 1991) or a modified veterinary 'capture' rifle (Barrett-Lennard et al. 1996) . Each dart tip was attached to a graphite bolt or aluminum shaft; these were fitted with a flange or 'stop' to regulate penetration of the bolt/dart, and which caused it to recoil and float after sampling. Samples were removed from the dart tip and placed on ice until they could be frozen (generally within a few hours of collection).
For the SEAK population, 3 full-depth blubber core samples were acquired from freshly dead (stranded) animals using standard necropsy sampling techniques. Blubber samples from the 3 stranded whales (GBNPMn-2001, GBNP-MnA-2004 and Mn-071307) were collected from either the dorsal or ventral side of the body near the midsection. In order to closely mimic the 7 mm depth of blubber (as used for FA composition biopsy .50 a Known (minimum/exact) age of humpback whale at time of biopsy sampling. EKA whales were first identified as calves (<1 yr) and are therefore believed to be precise to within ±1yr. MKA whales were not calves when first observed and therefore assumed to be minimally ≥1 yr at first sighting b Whales that were excluded during derivation of all FA-age modeling due to: (δ) ≤5% total lipid; (ε) > 5% phospholipid;
(φ) <1 yr in age c Individual whales that were repeat biopsy sampled d Stranded whales in which the outer-blubber was obtained by necropsy. All others were obtained as shallow biopsy samples from live whales Table 1 (continued) samples), the 3 SEAK necropsy samples were processed by cutting a representative narrow slice of outer-most blubber (measured 3 to 10 mm from the attached epidermis), and these were analyzed by the same methods used for all biopsy blubber samples (described below).
Sample preservation and integrity. Short-term preservation of biopsy samples was achieved by storage in standard laboratory freezers (approx. -15°C). Samples requiring long-term storage were frozen and stored at -80°C until ready for analysis. In an attempt to standardize sample size, frozen biopsy samples were subjected to 2 lateral cuts. Firstly the epidermis was removed by cutting the sample 3 mm from the inside edge of the epidermis, and then a second lateral cut was made 10 mm from the inside edge of the epidermis (sample length approx. 7 mm). Samples containing < 5% total lipid are assumed to be non-representative as a result of excessive lipid loss during biopsy dart recovery efforts in the field (Krahn et al. 2004) . Thus blubber biopsy samples having < 5% total lipid (wet weight basis) in their outer blubber layers were excluded from all models and data summary results (except where noted otherwise). As a precautionary measure, blubber samples containing > 5% phospholipids (relative to total lipid) were also excluded due to the possibility that quantities in excess of this value could have resulted from excessive leaching of lipid contained in the epidermis into the 7 mm blubber cores analyzed in this study. In contrast to humpback whale outer-blubber tissues [that are typically greater than 99% triacylglycerides (TAGs)], humpback skin contains significant quantities of phospholipids; alternatively, an abnormally high total phospholipids value may reflect an animal in poor health, thus significantly altering its outer-blubber FA composition (Krahn et al. 2001) . The methods used in this study to measure total lipid and lipid classes are described below.
Techniques for establishing known ages (exact and minimum). For the purpose of this article, we define 'known-age' humpback whales to be either animals of exact known age (EKA), or those whose ages are known to be greater than some minimum value (MKA). Unless specified otherwise, members of the GOM and SEAK populations include whales from both their spring/summer, and winter breeding grounds (West Indies and Hawaii respectively).
Identifying photographs were obtained for each individual at the time of sampling to provide a link to prior sighting data and year of birth (when known). Longitudinal data were obtained from photo-identification catalogs curated by the Provincetown Center for Coastal Studies, J. Straley Investigations, and the Glacier Bay National Park and Preserve, USA. EKA whales in this study are individuals first photographed as calves (in the first year of life), and were photographed and biopsied in a later year. Calves were classified in the field based on their physical size, stereotypical behaviours and close (consistent) association with an adult (its mother). Calves encountered on the feeding range were assumed to range in age from 3 to 9 mo when first observed, and typically remained dependent until at least October of their first year (Clapham & Mayo 1987 , Baraff & Weinrich 1993 . Thus, the ages of EKA whales were simply computed as the number of intervening years between first observation and when re-encountered and biopsy sampled. In contrast, individuals that were independent when first catalogued prior to October were assumed to be at least 1 yr old, but could have been substantially older. In those cases, a MKA was calculated as the elapsed time from the year prior to the first sighting to the year of biopsy sampling. All ages were calculated in months, and assumed a 15 February birth date. At the time of this study the oldest exact age known from photo-identification was 31 yr in the Gulf of Maine, and 34 yr in Southeast Alaska.
Age was determined for GBNP-Mn-2001 by counting growth layer groups (GLG) in the ear plugs (Chittleborough 1959 , Lockyer 1984 collected during the necropsy of this stranded whale. Independent counts of GLG in both ear plugs were made by experienced ear plug readers. The present analysis used the mean of these counts, and assumes a deposition rate of 1 GLG per year (unlike Chittleborough 1959 who assumed a deposition rate of 2 GLGs per year); this has not been definitively established for humpback whales, but is the case in other baleen whales (Lockyer 1984 , Bannister et al. 2000 , Best 2010 .
Lipid class and fatty acid analyses. Blubber samples of humpback whales were analyzed for percent lipid classes (relative to sample wet weights) using a thinlayer chromatography/flame ionization detection (TLC/FID) method (Ylitalo et al. 2005 ). Five lipid classes (i.e. wax + sterol esters, TAGs, free FAs, sterols and phospholipids) were analyzed on Chromarod type S-III silica rods using a 60:10:0.02 hexane:diethyl ether:formic acid (v/v/v) solvent system, and measured with an Iatroscan MK-6s (Shell, USA); in this system, wax esters co-elute with sterol esters. Percent total lipids were calculated by adding the wet weight concentrations of the 5 separated lipid classes. The concentrations of each lipid class were also recorded as a percentage of the total lipid.
FA concentrations in blubber were determined as previously reported (Krahn et al. 2004 , Herman et al. 2005 , and their weight percent compositions (wt%) were expressed in units of fatty acid methyl ester (FAME). The n-number standard nomenclature system was used for abbreviating the names of these FAs, where the number following the 'n' symbol appearing in the abbreviation refers to the carbon position of the first double bond relative to the alkyl end of the molecule. A full list of all 83 FAs measured as part of this study (of which 3 were added as internal standards), their abbreviations, systematic and trivial names, identification of the subsets of FAMEs which were positively and tentatively identified, as well as quality assurance procedures, can all be found in Sloan et al. (2006) .
Statistical analyses. All FAME concentration data were expressed on a weight percent (wt%) composition basis by dividing the concentration of each individual FAME by the sum of all FAMEs measured in the sample. With the exception of multidimensional scaling analyses, all multivariate and univariate analyses were conducted on non-transformed wt% composition concentration data using JMP Statistical Discovery Software (JMP). Unless otherwise stated, all univariate means comparisons (p-values) were computed using a Student's t-test (α = 0.05).
Humpback whales were grouped by population, and the correlations (expressed as r 2 ) between known ages and FA compositions (weight percent basis) for the non-excluded GOM (n = 34) and SEAK (n = 28) populations were computed for each individual FA. Individual FAs exhibiting positive (negative) correlations with known ages are identified as '+'('-') values respectively, and are sorted from those having the highest mean r 2 values for the 2 populations to those having the lowest mean r 2 values. Multi-dimensional scaling analyses (MDS) of the fatty acid composition data were performed using the Primer-E statistical software package (Primer-E). Prior to MDS analysis, the fatty acid weight percent composition data were pre-treated by: (1) selecting the subset of FAs to be compared and re-standardizing each individual FA relative to the sum of all FAs in the subset; (2) normalizing these standardized values by expressing them as normal deviate Z-values, thus giving equal weight to each value independent of its absolute magnitude; (3) computing an among-sample dissimilarity matrix on these normalized values based on Euclidean distances between the variables; (4) subjecting the dissimilarity matrix to classical multi-dimensional scaling analysis. The sample-to-sample proximity values (distances) resulting from the MDS analyses were then plotted in the form of 2-dimensional perceptual maps.
Multilinear regressions of FAME-age data for the known-age humpback whales were performed using the mixed (forward & backward) step-wise search procedure in combination with the Tobit statistical analysis routine in JMP. Initially, intermediate models were derived for all possible permutations of 2 pair of FA ratios using step-wise multilinear regression and only those equations producing linear models with r 2 values greater than 0.8 were retained as a subset for further analysis. Thereafter, Tobit regression analyses were performed on each of the intermediate models in order to arrive at a single model equation that best fit the MKA and/or EKA FA-age data pairs. In Tobit analyses, MKA and EKA sample data were treated as rightcensored and un-censored data respectively. The aim of these statistical analyses was to arrive at empirical model equations (bi-variate) from which the numerical ages of unknown-age humpback whales may be predicted through biopsy sampling.
Multilinear humpback whale FA-age ratio modeling. Humpback whales having known ages < 1 yr (calves) were excluded from all statistical analyses unless otherwise noted; this was because their FA profiles were quite different from those of individuals > 1 yr in age, and did not exhibit the same continuous change in blubber FA composition with age as observed in older individuals. All individuals having < 5% total lipid or > 5% phospholipids in their outer-blubber were also excluded as outliers in these analyses (as noted above). Blubber FA composition results for the 62 non-excluded known-age humpback whales (Table 1) were subjected to multilinear regression analyses to determine if multilinear combinations (of either individual FAs or combinations of FA ratios) could be found that would simultaneously (1) reduce the variability (scatter) among individuals about the FA-age model equation, and (2) be largely independent of sex, population, diet, and feeding status. Among all the models tested, simple linear combinations of 2 pairs of non-transformed FA ratios were found to provide the best correlation between humpback whale age and outer blubber FA composition for all whales studied (independent of the demographics and presumptive diets listed above). Models incorporating more than 2 FA ratio variables into the multilinear regression equations did not significantly reduce scatter further; therefore all multilinear regression models (including Tobit right-censored models) were limited to 2 constructed-variables (i.e. 4 FAs expressed as 2 FA ratios).
Estimation of model precision. Two indices of precision (uncertainty) were derived for each Tobit regression model derived herein. The first estimate of precision for each model (σ Tobit ) was derived directly from the modeling procedure, and is a measure of the scatter of both the EKA and MKA whales about their respective regression equation lines; however censored data are given less weight than their uncensored counterparts here. These σ Tobit values were computed directly by JMP during the derivation of the Tobit regression models, and were provided as statistical summary outputs. A second estimate of model precision was derived using a bootstrapping procedure in order to obtain an independent estimate of how well these models may perform when applied to unknown age animals that were not part of the original modeling process. Although is not possible to use bootstrapping procedures when estimating the prediction success of regression models containing both censored and uncensored data, we have no a priori reason to believe that the blubber chemistry of the MKA (censored) animals were fundamentally different from the EKA (uncensored) whales; hence, the scatter of EKA whales about these bivariate regression equations should be a suitable estimate of model precision without including MKA data into the models. Bootstrap estimates of precision (σ BS ) were derived by randomly removing 30% of the EKA animals from the dataset, fitting the remaining 70% to the bivariate FA ratio model equation, and then using this new model to predict the ages of the excluded animals. The differences between the predicted age (PA) and the observed EKA were recorded, and this random selection with substitution bootstrapping procedure repeated 30 times. σ BS was computed as the standard deviation of the residual differences obtained from all 30 repetitions.
RESULTS

Lipid-class analyses
With only 2 exceptions, the percentage total lipid composition (relative to wet weight) measured in the ) were computed for exact-aged animals only; animals <1 yr of age, < 5% total lipid, or > 5% phospholipid were excluded as outliers in this analysis. FA concentrations were expressed in units of wt% composition. FAs are sorted in the order of highest to lowest summed r 2 values (Σ r 2 = r 2 GOA + r 2 SEAK ). FAs marked with asterisks indicated those that statistically signifcantly increase (decrease) with known age for both the GOM and SEAK populations simultaneously at probabilities p < 0.10 (*), p < 0.05 (**), p < 0.01 (***), p < 0.001 (****). +/-indicate positive/negative correlations, respectively outer-blubber samples of all GOM and SEAK population humpback whales (Table 1) were found to be > 5% total lipid. The lipid class composition of the lipid extracted from each of these samples was > 95% TAGs in all but 4 samples, with most containing 100% TAGs. Among the individual humpback whales that had significant quantities of phospholipids in their blubber tissues (see Table 1 ), those same samples were also severely depleted in polyunsaturated fatty acids (PUFA), in particular omega-3.
Blubber fatty acid compositions
To determine how the outer-blubber FA compositions of the known-age humpback whales vary among individuals within each humpback whale population and between the 2 populations (GOM and SEAK), the weight percentage composition results obtained for each of the 70 whales listed (Table 1) were subjected to multidimensional scaling analyses using the procedures outlined above. Only 67 FAs out of a total of 80 FAs were present at high enough concentrations in all samples to be accurately quantified. The abbreviated structures of these 67 quantifiable FAs are listed in Table 2 . Multidimensional scaling analyses were conducted on the weight percentage composition data for all 67 quantifiable FAs measured (both dietary and non-dietary) and for the subset of FAs believed to be predominantly dietary in origin. The quantifiable subset of 16 exogenous fatty acids used in this analysis and assumed to be predominantly dietary in origin were: C18:2n6, C18:3n6, C18:3n3, C18:4n3, C20:1n9, C20:2n6, C20:3n6, C20:4n6, C20:3n3, C20:4n3, C20: 5n3, C22:1n9, C21:5n3, C22:4n6, C22:4n3, C22:6n3 (Iverson et al. 2004 ). The results of these 2 multivariate analyses are depicted in Fig. 2 . In these plots whales were grouped by population (GOM and SEAK); differences in their respective fatty acid profiles (all FAMEs and dietary only FAMEs) were observed to be markedly different.
Correlation between humpback whale age and individual fatty acids
The classes of FAs tending to exhibit the greatest correlation to humpback whale age (Table 2) were the longer-chain monounsaturated acids (most notably the Δ5-, Δ13-, and Δ15-dehydrogenase metabolites of C20:0, C22:0, and C24:0) and branched-chain FAs (most notably the multi-methyl branched-chain FAs). Although there were clearly some correlations between the known ages of humpback whales and specific individual FAs for each whale population individually, no single FA was sufficiently linearly correlated with both populations simultaneously so as to be quantitatively useful for the purpose of predicting whale age.
Humpback FA-age models (GOM and SEAK combined)
Two multilinear FA-age models were derived from the humpback whale FA and known age data collected as part of this study. Using the mixed step-wise search procedure, the first model was derived by combining the FA-age data pairs for each EKA whale from both populations into a single dataset; the MKA animals were excluded during derivation of this model. This optimum 'exact-age' model was then used to predict the ages of MKA humpbacks, and these compared and a plot showing the conformity between predicted and known ages for this model is shown in Fig. 3 (upper panel). In this plot different marker symbols were used to distinguish between the individual humpback whales from the GOM and SEAK populations; the dashed line represents the equation line predicted by Eq. (1). This optimized equation was then used to predict the ages for the non-excluded MKA whales, and these predicted ages were compared against the observed MKAs given in Fig. 3 (lower panel). Whereas animals having MKA data points appearing above the predicted equation line implicitly denote inaccuracies in the model (i.e. PA < MKA), data points for MKA animals appearing below the predicted equation line are not necessarily due to inaccuracies in the model; this may instead simply reflect the very real possibility that the actual ages of these MKA whales are in fact greater than their assumed MKAs. A second multilinear model was derived from these combined GOM and SEAK FA-age data pairs, but in this case, the multilinear regression model was derived by making use of both EKA and MKA FA-age data in contrast to the model portrayed in Fig. 3 which was based solely on the EKA FA-age data for these 2 populations. In this analysis the EKA and MKA data pairs were treated as un-censored and right-censored data respectively, and the Tobit multilinear regression method outlined above was used to find the single model equation that simultaneously best-fit data for both EKA and MKA whales. The optimum rightcensored multilinear regression model obtained via this procedure was:
The ages predicted by Eq. (2) for each of the individual whales from these 2 populations were compared to their EKAs or MKAs; a plot showing the agreement between predicted and known ages is provided in Fig. 4 . The precision of this model, σ Tobit , was 5.25 yr, where the standard error estimate in this sigma value was 0.60 yr; the probability that p > χ 2 was p < 0.001. In contrast, the bootstrap-derived estimate of uncertainty associated with using this model to predict the age of unknown-aged whales was σ BS = 4.06 yr where the standard error estimate in this sigma value was 0.64 yr. It is postulated that the 5 individual minimum-aged whales that have predicted ages that were significantly greater than their specified minimum ages were in fact greater in age than the specified minimum age values and likely have true ages closer in value to those indicated by their position at the tops of the vertical arrows corresponding to these 5 whales; the tops of the vertical arrows indicate the estimated position of the 95% confidence interval of the regression equation.
Humpback FA-age models (SEAK only;
GOM only) Similar to the method described above, 2 additional bi-variate FA-age models based on both exact and minimum-aged humpback whale blubber FA ratios were derived, but in contrast to above, these rightcensored models were derived for each humpback whale population separately (hence are populationspecific). Age (predicted, yr)
Predicted ages of "minimum-aged" whales Fig. 3 . Megaptera novaeangliae. Plot of exact ages against model-predicted ages (upper panel) for humpback whales from both the Gulf of Maine (circles) and Southeast Alaska (squares). Predicted ages were computed from Eq. (1) which was derived using fatty acid -age data obtained from the exact known age whales only. Ages predicted by Eq. (1) for minimum-aged whales from these 2 populations were also compared to their known minimum ages (lower panel)
FA-age data for the 28 non-excluded known-age humpback whales from Southeast Alaska were analyzed using the Tobit right-censored procedure outlined above, and the optimum bi-variate equation that best fit these data was:
AGE (yr) 
where p > χ 2 (p < 0.001). Fig. 5 shows known age plotted against ages predicted by Eq. (3) for these SEAK population humpback whales. Similar to above, 2 individual MKA whales had predicted ages that were significantly greater than their assigned MKAs, and are therefore now believed to have been underestimated by the amounts indicated (tops of vertical arrows). The uncertainties associated with this right-censored multi-linear model were σ Tobit = 4.52 (SE = 0.74) and σ BS = 4.24 (SE = 0.68) yr respectively.
Similarly, a population-specific FA-age model based on both EKA and MKA humpback whale blubber FA results was constructed for the Gulf of Maine population; the optimum right-censored bi-variate FA ratio model that best fit the data for this population was: A plot of the known ages for these individual GOM humpbacks compared against their ages predicted by Eq. (4) is shown in Fig. 6 . Among this group of individuals, 4 whales had predicted ages that were substantially above their MKA; thus, leading us to now believe that the true ages of these 4 whales are in fact substantially higher than their specified MKAs. In this GOMspecific model p > χ 2 (p < 0.001), and the uncertainties were estimated to be σ Tobit = 3.25 (SE = 0.53) and σ BS = 2.60 (SE = 0.68) yr respectively. Among the 34 GOM humpback whales depicted (Fig. 6) , 8 of these samples were obtained from 4 individual whales that were biopsy sampled once each on two different occasions and ranged in time intervals from 1 d -~3.3 yr. The identity of these 4 animals and their sample collection dates are provided in Table 1 . Of these whales, 2 were EKA whales that were biopsy sampled at intervals approaching that of the uncertainty associated with this particular model; the 2 animals representing these time-displaced repeat sampling events are also depicted in Fig. 6 .
The FA-age model shown in Fig. 6 for the Gulf of Maine population was reconstructed in Fig. 7 , but in this plot each individual whale is coded with marker symbols that instead denote the observed preferential prey of each sub-population of whales within the Gulf while feeding, and also denote non-feeding whales that were biopsy sampled in their mating grounds during winter in the West Indies. By grouping the individual whales in this fashion, it is possible to make an initial qualitative assessment of the extent that differing diets and feeding status are likely to have on the efficacy of these FA-age models.
DISCUSSION
The current study represents the first attempt to determine whether the numerical age of humpback whales can be estimated from measurements of either individual fatty acids, FA ratios, or some linear combination thereof in their outer-blubber layers. A similar study conducted in 2007 for eastern North Pacific killer whales Orcinus orca found an empirical model based on the linear combination of 2 fatty acid ratios correlated sufficiently well with known age to enable the ages of unknown-age killer whales to be estimated with good precision; σ = ± 3.8 yr (Herman et al. 2008 ). In the current study, outer-blubber tissue samples of 70 known-age humpback whales from 2 distinct populations were collected (from the western North Atlantic, and eastern and central North Pacific oceans; Table 1 , Fig. 1) , and analyzed for their FA compositions. The initial results of this study provide a first indication of the potential to age humpback whales from measurements of FAs in their outer-blubber layers. Among the large number of humpback whale biopsy samples collected from these 2 regions in the last decade, the subset of samples analyzed for the current study (Table 1) were specifically chosen to represent the broadest possible range of known ages, include approximately equal numbers of each sex, and include sub-groups of whales observed to have very different diets. Samples from additional known-age whales will be analyzed in the future in order to further validate and refine the FA-age models.
To be useful as a tool for ageing humpback whales of unknown age, the empirical models derived from known-age animals must necessarily be independent of diet, so that small future changes in specific diet will not adversely affect the age estimates. Humpback whales are generalists, feeding on a variety of small schooling forage fish species and euphausiids across their range. Dietary preferences in the Gulf of Maine have been inferred, and are primarily based on observations of prey during surface feeding as well as the spatial distribution of prey species. Sandlance Ammodytes spp. is generally thought to be the preferred prey species in the southwestern Gulf of Maine (Overholtz & Nicolas 1979 , Payne et al. 1986 . Whereas Atlantic herring Clupea harengus can be found throughout the entire GOM area, it is thought to be the main piscine prey only in the northern areas (Hain et al. 1982 , Paquet et al. 1997 , Weinrich et al. 1997 . Euphausiids (Paquet et al. 1997 ) and mackerel (Mitchell 1973 , Geraci et al. 1989 are also documented prey species in the Gulf of Maine, but their relative importance to the diet of GOM humpbacks is unknown. Finally, Laerm et al. (1997) reported the stomach contents of one spring Gulf of Maine whale stranding to include Atlantic croaker Micro-pogonias undulatus, spot Leiostomus xanthurus and weakfish Cynoscion regalis. However, they also found these coastal fish species in humpback whales stranded off the coast of the mid-Atlantic USA in winter, outside the typical summer feeding range of this population.
In contrast, the primary prey items of the Southeast Alaska humpback whales are less well-known but are believed to comprise a mix of euphausiids, Pacific herring Clupea pallasii, sandlance Ammodytes spp., capelin Mallotus villosus, and juvenile walleye pollock Theragra chalcogramma. Other prey species (e.g. other smelts and small schooling fishes) have been observed to be taken by SEAK whales, but are believed to be minor contributors to their total diet.
Although the focus of this study was not to use blubber fatty acid results to infer the primary prey of the 2 populations of humpback whales described here, it is instructive to assess how the outer-blubber fatty acid compositions of the whales from these 2 populations seem to differ. The multidimensional scaling plots shown (Fig. 2) demonstrate that the outer-blubber FA compositions of the GOM population of humpback whales are very different to those of the SEAK population, both in terms of their total FA compositions, and with respect to those FAs believed to originate primarily from diet. The importance of this perceived difference in diet between GOM and SEAK populations is that 2 independent FA-age models (one based only on EKA animals, and the second based on both EKA and MKA animals combined) were found that adequately described the relationship between specific fatty acid ratios and known age simultaneously for both populations, despite clear differences in diet.
During the development of the FA-age models, animals having high phospholipid compositions concurrent with low PUFAs were observed to strongly deviate from all other samples (including those of comparable age) with respect to the functional dependences of their individual FAs (and FA ratios) with known age; it became apparent that these samples should be rejected as 'outliers' and not be included as data points in modeling processes. In combination multidimensional scaling analysis (Fig. 2) and TLC-FID analyses of the outer-blubber FA compositions of these whales helped identify individual whales that had abnormal fatty acid and/or lipid class compositions (relative to all other members of their respective populations). Thus, both MDS analyses of blubber FAs along with lipid class analyses of humpback whale blubber tissues are an integral first step in the development of FA-age models. These methods should also be used as prescreening tools to fully characterize the blubber chemistry of unknown-age humpback whales such that age predictions based on FA-age models for any unknownage whale that exhibits abnormal lipid and/or FA profile should be flagged as uncertain.
Although several individual fatty acids present in the outer blubber layers of the GOM and SEAK humpback whales exhibited a moderate correlation with age when these populations were viewed independently (Table 2) , none were well correlated with both populations simultaneously. Many of the differences observed between these 2 populations may be attributable to the very different presumptive diets of these 2 populations. Regardless of the cause(s) responsible for these differences, it was clear from the onset that it would not be possible to accurately predict the age of unknown-age humpback whales using any one individual FA.
It should also be noted that the classes of FAs that were most correlated with humpback whale age were long-chain monounsaturated (LCMU) and multi-methyl branched-chain FAs, both of which are relatively ubiquitous in the marine environment. This finding is in stark contrast to the results described by Herman et al. (2008) for eastern North Pacific killer whales Orcinus orca, wherein it was the shorter-chain monounsaturated and iso-and anteiso-branched chain FAs (in particular anteiso-C15:0) that correlated best with age for this cetacean. Conversely, in the current study anteiso-C15:0 was observed to be among the most highly noncorrelated individual FA measured in these 2 populations of humpback whales (Table 2) . Based on the findings of both studies, it appears likely that no single model will be found that is capable of estimating age through blubber FA compositions for all cetaceans; rather, relationships between whale age and FA composition (if/when they are found to exist at all) will be species-specific.
In the current study, specific ratios of fatty acids present in the outer blubber of whales from the Gulf of Maine, Southeast Alaska, and both populations combined were used to derive bi-variate FA-age relation-ships that were highly correlated with age, and also largely independent of diet and sex. For example, the FA-age model derived for exact-aged humpback whales from both populations ( Fig. 3; upper panel) exhibited a clear relationship between the 2 FA ratios (C20:1n15/C17:1n8 & C14:1n5/C15:0) and EKA. The efficacy of the exact-aged model (Eq. 1) was further validated by using this model to predict the ages of the minimum-aged whales from both populations and comparing these model-predicted ages to their MKAs ( Fig. 3; lower panel) . In support of the assertion that both this particular exact-aged model, as well as the model derived from both the EKA and the MKA FAage data for these 2 combined populations ( Fig. 4 ; Eq. 2), are both largely independent of diet is the observation that the FA ratio-age data for both the GOM and SEAK populations generally fall along the same regression lines. As noted above, MDS analyses of the FA compositions of these 2 populations (Fig. 2 ) demonstrate that they have very different diets. Moreover, both of these models (Eqs. 1 & 2) appeared to be independent of sex (due to the fact that animals of both sexes were also equally scattered about the predicted FA-age lines).
Between the 2 models represented by Eqs.
(1) & (2), the latter is probably the most robust, owing to the fact that Eq. (2) was derived from a substantially larger number of known-age data points, and perhaps more importantly, it also allowed for the inclusion of many more adult-aged whales (greater than ~20 yr in age) into the modeling process. For this same reason, the uncertainty estimate (σ Tobit = 5.25 yr) derived from the right-censored MKA and EKA model ( Fig. 4 ; Eq. 2) is expected to be the best, most conservative predictor of how these FA-age models will perform when applied to unknown-aged whales in the future. Thus, from this limited dataset, it appears that it is possible to predict with > 95% confidence (± 2σ) the age of any one individual humpback whale from either of these 2 regions with a precision of slightly greater than 10 yr. Although this precision may not be entirely adequate for the purpose of detailed population modeling, age uncertainties of this magnitude are sufficient to enable broad age categorizations within these populations. At present, the efficacy of this model for humpback whales outside these specific areas (GOM and SEAK) is not known and will require additional testing.
FA-age models were also derived for each population of humpback whales separately to determine if the level of uncertainty in the ages predicted using outerblubber fatty acid compositional results could be further reduced. The results presented in Fig. 5 demonstrate that the FA-age model derived specifically for the SEAK population was more precise (σ Tobit = 4.52 yr) as compared to the uncertainty obtained for the 2-population model represented by Eq. (2) (σ Tobit = 5.25 yr). Similarly, the optimum FA-age model derived for the GOM population alone ( Fig. 6 ; Eq. 4) also resulted in a bi-variate FA-age relationship in which the estimated uncertainty (σ Tobit = 3.25 yr) was less than that of the combined 2-population model represented by Eq. (2). These combined results suggest that ageing humpback whales following the approach described here (when possible) will likely become more precise when empirical models are derived for the specific populations to be studied.
It is also instructive to note that the 2 individual GOM humpback whales that were biopsy sampled twice (Sample nos. 13/19 and 25/29; Table 1 ; Fig. 6 ) and more than 2 yr apart had predicted ages that increased with time; the increases in predicted ages were in reasonable agreement with the known amount of time that elapsed between sampling events. This finding provided some small additional evidence that the GOM FA-age model represented by Eq. 4 is valid for this particular population of whales.
Among the 4 models derived (Eqs. 1-4), it is anticipated that it is the combined 2-population model (i.e. Eq. 2) that is most likely to be applicable to populations beyond the specific humpback populations studied here. Extension to populations beyond these 2 specific areas will clearly require additional validation by (1) acquiring blubber samples from a sufficient number of known-age humpback whales that span a full range of ages within the new areas (e.g. from whales having their ages determined from long-term photo-ID studies), and then (2) showing their model-predicted ages to be in good agreement with their known ages. Once a new FA-age model is derived and adequately validated, expensive and difficult to maintain photo-ID studies could be either curtailed, or terminated completely.
Additional insight into the extent that the FA-age models described above are independent of diet and feeding status was provided by re-plotting in Fig. 7 the FA-age model specific to the Gulf of Maine population (Fig. 6) ; but now where the individual whales were grouped instead by their known prey preferences and feeding status. In this modified plot, humpback whales believed to specialize on sandlance in the southwestern Gulf of Maine (GOM-SW; n = 17) can more readily be compared against whales thought to specialize on herring from the northern Gulf of Maine (GOM-N; n = 5); In short, GOM-SW whales were observed to fall along (and were equally scattered about) the same predicted FA-age line as the GOM-N whales. Although the number of known-age whales with a herring specialization was admittedly small by comparison to presumed sandlance-feeders, this observation again demonstrates that FA-age models based on ratios of individual FAs can be derived that are suitably independent of specific diets. A comparable analysis of the extent that variable diets affect the SEAK only population (Fig. 5) is not possible, because the prey specializations of the individual SEAK whales and/or groupings of whales are not well characterized at present (unlike individual GOM population whales that could be identified with a specific foraging group, hence their specific prey).
Similarly, the FA-age results obtained for the subset of GOM population whales that were biopsy sampled in winter (i.e. whilst on their mating grounds in the West Indies, and therefore not feeding for an extended period) were compared to the remaining subset of whales biopsied while feeding in spring, summer and fall in the Gulf of Maine (Fig. 7) . Owing to the fact that the predicted ages for the feeding and non-feeding whales essentially fell along the same general regression line, these limited results illustrate that feeding status will likely have only a minimal effect on the accuracy of this particular model (Eq. 4), and perhaps (by inference) to all 4 multilinear FA-age models derived in this study. Admittedly, the non-feeding group of whales appeared to have predicted ages that were shifted to slightly higher values by ~2 to 3 yr relative to the feeding group of whales, but this offset was within the uncertainty of the model. It is not known from these limited data if this slight offset was statistically significant.
The data presented in Fig. 7 further suggest that age predictions based on blubber fatty acid ratios may be more precise if the blubber biopsy samples are collected during nonfeeding periods. This hypothesis is based on the observation that, although the knownage versus predicted age results for non-feeding whales were somewhat offset in their predicted ages relative to feeding whales, they appear to be less scattered (more linear) than those of their feeding counterparts. This observation indicates that although differences in specific diets among individual feeding whales may exert a small (yet discernable) influence on the outer-blubber FA compositions of the specific fatty acids modeled here, the potential adverse influence of differing diets among individual whales is likely to be at a minimum during periods of fasting.
Based on these preliminary findings, it is concluded that it should be possible to estimate the numerical age of unknown-age humpback whales following the general approach described here. However, it is cautioned that these FA-age models are entirely empirical in nature, and a clear understanding of the underlying mechanisms responsible for the time-dependent changes in the specific fatty acid ratios that seemingly drive these relationships is presently lacking. Moreover, it is fully acknowledged that the inclusion of MKA FA-age data into these models (Eqs. 2 to 4) adds an additional level of uncertainty into these relationships; but for the present study it was deemed advantageous to include the FA-age data for these MKA whales in order to substantially increase the total number of whales modeled (in particular, the inclusion of whales older than 20 yr of age). In the future, when blubber samples from older EKA animals become available and can be analyzed for outer-blubber fatty acid compositions, the data points corresponding to these older MKA whales can be replaced by data from EKA whales and these models updated. Replacement of MKA data by EKA data will not only provide greater confidence in these models, but also provide significantly improved estimates of their underlying uncertainties. In each of the 3 FA-age regression models (Eqs. 2 to 4) described above, σ Tobit estimates of uncertainty were larger that the bootstrap-derived estimates (σ BS ) in which the MKA animals were excluded. Thus, for the moment, the larger σ Tobit values are adopted as the most conservative (best) estimate of the uncertainties of these models While it is tempting to infer the life span of humpback whales from these results, the current study was not designed to investigate this question: a different sampling strategy would be required to reliably detect the oldest whales in the study populations, and further work would be necessary to derive new FA relationships for whales having ages significantly older than those examined here. Thus, it is advised against interpreting these results in the context of life span, although these techniques are considered a promising method for further investigation.
Finally, it is cautioned that each of the 4 FA-age models (Eqs. 1 to 4) will be valid only when the procedures and analytical methods used to measure the individual FAs that go into defining these bi-variate models are equivalent to those used in our laboratory. Therefore it is strongly advised that (whenever possible) each laboratory electing to apply the FA-ageing method outlined in this study should derive their own set of empirical FA-age relationships from knownaged animals. This should reduce the potential for unexpected biases in analytical results that may occur among laboratories employing differing analytical methods. Thereafter, the explicit empirical models derived by each individual laboratory can be used to predict the age of any unknown-aged whale of interest. 
